The dynamics of F( 2 P 1/2 )ϩH 2 scattering at ultracold temperatures is studied. It is shown that both the rotational and vibrational excitation of H 2 molecules decrease substantially the efficiency of spin-orbit relaxation in FϩH 2 collisions. It is observed that the near-resonant electronic transition leading to rotational excitation of H 2 ( jϭ0) is of the same magnitude at high energies as the off-resonant transition in which the rotational angular momentum of H 2 is preserved but becomes dominant in ultracold collisions. The zero temperature rate constant for spin-orbit relaxation of F is computed and suggestions are made as to the chemical reactivity of F( 2 P 1/2 ) atoms at ultracold temperatures. It is found that rotational relaxation of excited H 2 molecules is significantly enhanced by electronic transitions in F atoms and the electronic relaxation in F( 2 P 1/2 )ϩH 2 ( jϾ0) collisions is suppressed by rotational relaxation of H 2 .
I. INTRODUCTION
Recent experimental success in the production, trapping and Bose-Einstein condensation of ultracold atoms [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] has generated much interest in low energy atomic and molecular collisions. A major problem impeding the efficiency of cooling atoms and molecules to ultralow temperatures is collisional quenching of rovibrational and electronic excited levels leading to a large release of energy and trap loss. Several quantum calculations of rovibrational relaxation in the atom-diatomic molecule ͑HeϩCO, HϩH 2 , HeϩO 2 , He ϩH 2 ͒ collisions [12] [13] [14] [15] [16] and electronic relaxation in atom-atom ͓O( 3 P)ϩHe͔ ͑Refs. 17-19͒ and ion-atom ͓Ne ϩ ( 2 P) ϩHe͔ collisions 20 have been performed in order to delineate the rate coefficients for inelastic scattering at zero temperature. Recently, Balakrishnan and Dalgarno 21 have investigated the FϩH 2 chemical reaction at ultralow temperatures, but they did not take into account the fine structure of the F atoms.
In the present work we consider the spin-orbit ͑SO͒ relaxation of F( 2 P 1/2 ) atoms by ultracold collisions with vibrating and rotating H 2 molecules, a case in which each of the two colliding particles possesses internal angular momentum. Using a rigorous quantum mechanical approach and an accurate interaction potential of Alexander, Manolopoulos, and Werner, 22 we investigate how the change of rotational angular momentum and vibrational quantum number of H 2 affects the electronic relaxation of F( 2 P 1/2 ) and provide estimates of rate constants for electronic relaxation in fluorine at Tϭ0 K. Together with the results presented in Ref. 21 , our calculations suggest that SO excited F atoms will react chemically with H 2 molecules at zero temperature.
The SO relaxation in F( 2 P 1/2 )ϩH 2 collisions at high energies has been studied before. [23] [24] [25] [26] Rebentrost and Lester 23 reported quantum close coupling calculations of F( 2 P 1/2 ) ϩH 2 (vϭ0, jϭ0 -3) scattering over a wide range of collision energies. Fitz and Kouri 24 introduced the coupled states approximation for the F( 2 P 1/2 )ϩH 2 problem and obtained cross sections in close agreement with those of Rebentrost and Lester. The most important result of Rebentrost and Lester was the illustration that the F( 2 P 1/2 )ϩH 2 ( jϭ0) relaxation is dominated by near-resonant electronic-to-rotation energy transfer. These calculations employed an approximate potential from Ref. 27 and highly reduced basis sets for the expansion of the scattering wave function. More recently, Gilibert and Baer 26 performed s-wave scattering calculations for F( 2 P 1/2 )ϩH 2 ( jϭ0) relaxation at high energies on a model diatomics-in-molecule ͑DIM͒ potential and did not find the near-resonant transition to be dominant. The electronic relaxation of F( 2 P 1/2 ) was instead favored by the transition that leaves the rotational angular momentum of H 2 unchanged. Gilibert and Baer suggested that the effect they had found is due to the weak anisotropy of the DIM nonadiabatic couplings. It will be interesting to determine if the calculations with the recent accurate potential 22 reproduce the effect of near-resonant energy transfer in F( 2 P 1/2 ) ϩH 2 ( jϭ0) collisions at ultralow collision energies where the collision dynamics is controlled by s-wave scattering.
II. THEORY
The methodology of dynamical calculations in this paper is based on the theory developed by Baer 28 and elaborated in a series of papers by Alexander et al. 29, 30, 22 and Dubernet and Hutson. 31, 32 The calculations are performed in close analogy with the recent reactive scattering calculations of Alexander, Manolopoulos, and Werner 22 and we adopt, wherever possible, their notation.
The total Hamiltonian of the F( 2 P)ϩH 2 system can be written ͑in atomic units͒ as follows: a͒ Electronic mail: rkrems@cfa.harvard.edu
In this expression, ⌰,⌰ a ,, and a are conventional Jacobi angles defined, for example, in Ref. 31 , R is the center-ofmass separation of the colliding particles, r is the interatomic distance in H 2 , j is the rotational angular momentum of the diatomic molecule, L is the orbital angular momentum for the collision, is the reduced mass of the colliding particles, and H 2 is the reduced mass of H 2 . The caret over the symbol denotes the corresponding operator. The term V is defined as V g -V H 2 , where V g is the potential for the F( 2 P) ϩH 2 interaction depending on all the Jacobi coordinates 31 and V H 2 is the potential describing the vibrational motion of H 2 at infinite interparticle separation (Rϭϱ). The term V SO describes the SO interaction and is represented as
where l is the orbital angular momentum and ŝ is the spin angular momentum of the 2p-electron in the F atom. The constant A is related to the fine structure splitting, ⌬, of fluorine as Aϭ2⌬/3. We note that in the model of Alexander et al. 22 the spin-orbit interaction is represented by two constants depending on the interparticle separation R and approaching the value of A at Rϭϱ. We performed selected calculations with the R-dependent spin-orbit couplings and found exactly the same results as those obtained in the approximation ͑2͒.
The scattering wave function is expanded in terms of products of vibrational v j (r) and rotational ͉ jk͘ wave functions of H 2 and electronic functions ͉ls͘ of F as follows:
where k, , and are the body-fixed projections of ĵ, l, and ŝ , respectively, and J is the total angular momentum defined as a vector sum of ĵ, l, ŝ , and L . Substitution of expansion ͑3͒ in the stationary Schrö-dinger equation with the Hamiltonian ͑1͒ leads to the following system of coupled equations for expansion coefficients
where In order to obtain the matrices of the angular momentum and SO operator it is convenient to define the transformation,
where j a is the total electronic angular momentum of the F atom ( ĵ a ϭ lϩŝ ) and k a is its projection on the body-fixed quantization axis. The symbols in the square brackets denote the Clebsch-Gordan coefficients. The SO Hamiltonian ͑2͒ is diagonal in the ͉ j a k a ͘ representation with elements corresponding to energies of the 2 P 1/2 and 2 P 3/2 SO states of F.
The matrix of the L 2 operator can conveniently be defined in the ͉ j a k a ͉͘ jk͘ basis if one makes use of the relation,
where Ĵ z , ĵ az , and ĵ z are the operators that give the z-component of Ĵ , ĵ a , and ĵ, respectively, and Ĵ Ϯ , ĵ aϮ , and ĵ Ϯ are the corresponding ladder operators. The action of all operators in Eq. ͑6͒ on the functions ͉ j a k a ͉͘ jk͘ is well known 33 and the elements of the L 2 matrix can be readily written down in this basis.
Having defined the matrices of the V SO and L 2 operators in the ͉ j a k a ͉͘ jk͘ basis set, we transform them to the representation ͑3͒ using the relation from Eq. ͑5͒. Alternatively, with the use of more involved algebra one can define the matrices of V SO and L directly in the basis ͑3͒ as was illustrated in Ref. 22 . The matrix elements entering the righthand side of Eq. ͑4͒ are finally obtained by numerical integration over vibrational wave functions of H 2 using GaussHermite quadratures. The vibrational wave functions depend on the rotational quantum number j and the asymptotic energy levels ⑀ v j . They are computed by numerical solution of the Schrödinger equation for the diatomic molecule with an accurate spectroscopic potential of H 2 from Ref. 34 . Equations ͑4͒ are solved numerically on a grid of R-values. The final propagation matrix is transformed to the orbital angular momentum representation using the relation ͑5͒ and the transformation,
͑7͒
where ⍀ϭϩϩk and ĵ t ϭ ĵ a ϩ ĵ. The scattering S-matrix is then constructed in the basis set of functions ͉ j t L͘ corresponding to different values of j t and orbital angular momentum L. The cross sections for electronic and rotational transitions in F( 2 P)ϩH 2 collisions are finally evaluated from the S-matrix as follows:
Here, the first and second summations are performed over all j t -states corresponding to the sets of initial and final roelectronic levels and k j, j a denotes the wave number corresponding to the initial state ( j, j a ). In the limit of zero collision velocity, the dynamics of inelastic relaxation is determined by the Wigner threshold law 38 and the rate constants for inelastic transitions at ultracold temperatures approach their zero temperature values given by
. ͑9͒
III. RESULTS
In this study we are interested in the ultracold temperature limit where the collision dynamics is determined by s-wave scattering. All cross sections are summed only over total angular momenta (͉ jϪ j a ͉рJр jϩ j a ) corresponding to Lϭ0 in the incoming collision channel. All basis sets for our calculations included at least two closed rotational channels of H 2 . The cross sections were computed at 72 collision energies in the interval between 10 Ϫ6 and 30 cm Ϫ1 . A small step size was used for propagation of Eqs. ͑4͒ on the R-grid between 1.0 and 50 Å. In order to test the stability and numerical accuracy of our results we performed computations with two different propagation schemes: the log-derivative method of Manolopoulos 35 and the Numerov method. 36 The difference between the results of these calculations was within 1% in magnitude. Only one vibrational state was included in the basis sets. The value of the fine structure splitting constant used is ⌬ϭ404 cm Ϫ1 . 
where ⌬Eϭ49.82 cm Ϫ1 . The off-resonant transition,
with ⌬Eϭ404 cm Ϫ1 , was several times slower. Contradicting the results of Rebentrost and Lester, Gilbert and Baer 26 found that the probability for the near-resonant transition at high collision energies (Ϸ2500 cm Ϫ1 ) for total angular momentum Jϭ1/2 is several times smaller than for the offresonant transition. These calculations were based on an approximate interaction potential and the authors attributed the observed effect to inaccuracy in the interaction model.
In order to investigate fully the nature of the nearresonant energy transfer we extended the calculations of Rebentrost and Lester to both the ultracold limit and high collision energies. . At higher energies, the near-resonant energy transfer is significantly diminished and the transition ͑11͒ dominates at collision energies greater than 2500 cm Ϫ1 . The near-resonant energy transfer becomes increasingly important as the collision energy decreases and is a factor of 216 faster than the off-resonant transition in ultracold collisions. In analogy with vibration-to-rotation relaxation in atom-diatom collisions, 40 we conclude that the electronic-to-rotation energy transfer is determined by competition between minimization of the energy gap between the initial and the final states and the change of the rotational angular momentum. The transitions with the minimal energy gap become more important at low collision energies, 18 while the change of the rotational angular momentum of the diatomic molecule determined by the anisotropy of the interaction potential is minimal at high collision energies.
The dramatic difference between the near-resonant and off-resonant transitions explains why the the electronic relaxation of F( 2 P 1/2 ) is significantly suppressed by rotational excitation of H 2 at ultracold temperatures ͑Fig. 1͒. There is no near-resonant energy level corresponding to the initial states F( 2 P 1/2 )ϩH 2 ( jϾ0) and the energy gaps between the initial and the final states are much larger than ⌬E of the process ͑10͒ when H 2 is rotationally excited before the collision. Figure 2 presents calculations of zero temperature rate constants for the electronic relaxation of F atoms induced by collisions with vibrationally excited H 2 molecules in the j ϭ0 state. When the H 2 molecule is vibrationally excited, the relaxation efficiency decreases. This is because the rotational constant of H 2 decreases with vibrational excitation and the near-resonant energy level F( 2 P 3/2 )ϩH 2 ( jϭ2) shifts down increasing the value of ⌬E for the process ͑10͒. It can be seen from Fig. 2 that this effect is substantial when the H 2 molecule is excited to high vibrational levels like vϭ10.
As the efficiency of electronic relaxation of F decreases with rotational excitation of H 2 it is interesting to analyze the rotational relaxation of H 2 molecules by collisions with F atoms. Figure 3 compares cross sections for electronic relaxation ͑10͒ and ͑11͒ and rotational relaxation of H 2 ( jϭ2). The cross section for rotational relaxation is almost three orders of magnitude smaller than the cross section for the near-resonant electronic relaxation and a factor of 2-5 smaller than the cross section for the off-resonant transition ͑11͒. The rotational relaxation leading to change in both the rotational angular momentum of H 2 and the electronic state of F,
occurs at approximately twice the rate of the electronically elastic relaxation,
This is so even though the energy gaps for the transitions leading to simultaneous rotational and electronic relaxation are larger by 404 cm Ϫ1 than the energy gaps for pure rotational transitions. Rebentrost and Lester 23 observed the opposite trend in their calculations at high energies. We confirmed their results by repeating the calculations on their potential and we obtained the same values of the cross sections. 23 Alexander, Manolopoulos, and Werner 22 discussed the difference between the new potential and the interaction model of Rebentrost and Lester. They pointed out that the potential of Rebentrost and Lester is significantly more repulsive at long range which suppresses nonadiabatic transitions at low collision energies. The potential used for the present calculations allows penetration into the region where the nonadiabatic coupling is strong, even at very low energies. Because the duration of a collision is very long at ultracold temperatures, the energy in the final scattering channel is statistically redistributed between four SO ground 2 P 3/2 -states and two SO excited 2 P 1/2 -states. The ratio of cross sections ͑see Table II͒ for the processes defined in Eqs. ͑12͒ and ͑13͒ is therefore close to two at ultralow collision energies. As the collision energy increases, the system spends less time in the region important for nonadiabatic dynamics and the relative magnitude of cross sections for the transition ͑13͒ becomes larger. Because the energy gap between the jϭ0 and jϭ2 rotational states of H 2 (354 cm Ϫ1 ) is similar in magnitude with the spin-orbit splitting in the F atom (404 cm Ϫ1 ) it is interesting to compare the rate of electronically elastic rotational relaxation with the rate of rotationally elastic electronic relaxation in F( 2 P 1/2 )ϩH 2 ( jϭ2) collisions ͑see Table III͒ . The electronic relaxation of F is a factor 16 -20 more probable than the rotational relaxation of H 2 ( jϭ2). This indicates that the angular anisotropy of the interaction potential corresponding to the F( 2 P 1/2 )ϩH 2 ( jϭ2) interaction is more significant than the electronic anisotropy due to splitting between the states of the ⌺ and ⌸ symmetry. The calculations of Tables II and III were performed for 50 values of total angular momentum and the basis set expansions with the maximum helicity value of ⍀ϭ4.
When the H 2 molecule is initially in high levels of rotational excitation, the dynamics of rotational relaxation in H 2 ϩF( 2 P 1/2 ) collisions is effected by the electronic relaxation of F atoms even more dramatically. Figure 4 depicts state-resolved rate constants for zero temperature rotational relaxation in H 2 ( jϭ6)ϩF( 2 P 1/2 ) collisions. The simultaneous electronic relaxation increases the rate for rotational relaxation of H 2 ( jϭ6) by one order of magnitude. Apparently, the duration of the ultracold collision is so long and the strength of the rotational relaxation from the high rotational level of H 2 is so small that the strong nonadiabatic coupling forces all the energy flow to the 2 P 3/2 state of F. It is interesting to note that the electronic relaxation of F( 2 P 1/2 ) is most efficient in collisions with H 2 ( jϭ6) when there is no change of the rotational angular momentum and its rate decreases monotonically with the number of rotational quanta transferred during the collision.
The FϩH 2 chemical reaction at ultracold temperatures has been recently investigated by Balakrishnan and Dalgarno. 21 They have shown that the rate constant for F( 2 P 3/2 )ϩH 2 reaction computed on a single adiabatic potential energy surface is significant at zero temperature due to tunneling of light H atoms under the reaction barrier. The SO excited state of F does not correlate adiabatically with H ϩHF products at energies lower than the initial energy of the reactants and the only possibility for the F( 2 P 1/2 )ϩH 2 reaction to occur at ultracold temperatures is through a two-step mechanism involving the F( 2 P 1/2 )→F( 2 P 3/2 ) transition and the F( 2 P 3/2 )ϩH 2 reaction. Table IV compares zero temperature rate constants for the F( 2 P 3/2 )ϩH 2 reaction computed in Ref. 21 and the electronic F( 2 P 1/2 )→F( 2 P 3/2 ) relaxation computed here. The rate constant for the electronic transition is larger by almost two orders of magnitude. Because the SO mixing is large at ultralow collision energies we expect that the relative reactivity of the SO excited F atoms with H 2 will be significant at ultracold temperatures. 
IV. SUMMARY
We have investigated the inelastic scattering of F( 2 P) atoms with H 2 molecules at ultralow collision energies. We have shown that the dynamics of electronic relaxation in F( 2 P 1/2 )ϩH 2 ( jϭ0) collisions is controlled by near-resonant electronic-to-rotation transition leading to rotational excitation of H 2 . The intensity of this transition is comparable in magnitude with the rate of the rotationally elastic F( 2 P 1/2 ) ϩH 2 ( jϭ0)→F( 2 P 3/2 )ϩH 2 ( jϭ0) electronic relaxation at high energies, but the near-resonant relaxation is dramatically enhanced in ultracold collisions. This phenomenon has several consequences: ͑i͒ the electronic relaxation of F( 2 P 1/2 ) by collisions with H 2 molecules in the jϭ2 and j ϭ1 rotational levels is more than one order of magnitude less efficient than electronic relaxation in collisions with H 2 ( jϭ0); ͑ii͒ the electronic relaxation in F( 2 P 1/2 )ϩH 2 (v, j ϭ0) collisions is significantly suppressed by initial vibrational excitation of the diatomic molecule; and ͑iii͒ the electronic relaxation in F( 2 P 1/2 )ϩH 2 ( jϭ0) collisions is much faster than the rotational relaxation of H 2 ( jϾ0) molecules by collisions with F atoms. Initial excitation of H 2 to levels higher than jϭ2 further decreases the rate of electronic relaxation. The rotational relaxation of rotationally excited H 2 molecules in ultracold collisions with F( 2 P 1/2 ) is significantly assisted by simultaneous SO relaxation of F atoms. The effect of SO relaxation on rotational quenching of H 2 increases with initial rotational excitation and can change the cross sections for rotational relaxation by as much as one order of magnitude when H 2 is initially in the jϭ6 state. This indicates that SO effects can not be ignored at ultracold temperatures. The SO relaxation in F( 2 P 1/2 )ϩH 2 ( jϾ0) collisions is most efficient when the rotational angular momentum of H 2 remains the same and the magnitude of cross section for electronic transitions decreases with the number of rotational quanta transferred in the collision. Finally, we have shown that the rate constant for SO transitions at zero temperature is orders of magnitude greater than the rate constant for the FϩH 2 chemical reaction. Thus, the SO excited F atoms may have a relatively large chemical reactivity at ultracold temperatures.
The qualitative trends we have found may apply to other systems of a similar type. With the advent of laboratory techniques based on buffer gas and evaporative cooling of atoms and diatomic molecules 41, 42 it has become possible to investigate experimentally inelastic collisions and chemical reactions at ultracold temperatures. It is hoped that this and other related works demonstrating interesting phenomena in ultracold collisions will stimulate such experiments.
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